Currently, the human MEX3C gene is known to encode an RNA-binding protein of 659 amino acid residues. Here we show that the MEX3C gene has alternative splicing forms giving rise to multiple MEX3C variants, and some cells express MEX3C transcripts coding for short MEX3C isoforms but not transcripts for MEX3C
INTRODUCTION
MEX3C is a member of an RNA-binding protein family with four highly homologous members: MEX3A, MEX3B, MEX3C, and MEX3D [1] . They all have two KH RNAbinding domains in the N-terminus and a Ring finger domain with ubiquitin E3 ligase activity at the C-terminus. The MEX3C gene is involved in many processes in mammals. For example, MEX3C contributes to genetic susceptibility to hypertension, as shown by linkage analysis and association studies [2] . In malignant cells, it also represses chromosomal instability [3] . Knocking down Mex3c expression in mice causes postnatal growth retardation associated with IGF1 deficiency [4] and reduced adiposity associated with increased energy expenditure [5, 6] . Furthermore, Mex3c plays a pivotal role in RIG-I-mediated antiviral innate immunity [7] . However, the mechanisms of Mex3c/MEX3C gene regulating these processes remain unknown.
Vertebrate MEX3C homologues regulate mRNA as well as proteins. MEX3A represses CDX2 expression posttranscriptionally through an unknown mechanism [8] . Interaction between MEX3B and long noncoding RNA HOTAIR (HOX antisense intergenic RNA) facilitates ubiquitination of Snurportin-1 by MEX3B [9] . MEX3B also interacts with Rap1GAP and regulates its activity [10] . Xenopus MEX3B destabilizes its own mRNA through interacting with the 3 0 untranslated region of Mex3b mRNA [11] . Human MEX3D (originally called TINO) enhances the degradation of BCL2 mRNA through interacting with its adenylate uridylate-rich elements [12] . MEX3C also enhances degradation of HLA-A mRNA, and the ubiquitin E3 ligase activity of MEX3C is necessary for this activity [13] . Other possible MEX3C target mRNAs have not been described, and whether MEX3C has activities other than enhancing mRNA degradation is unknown.
FOS is a transcription factor and dimers with JUN to form AP1 and regulates transcription of many target genes [14] . FOS protein is induced in two-cell embryos responding to autocrine embryotropins [15] . Since FOS mediates gene expression following activation of growth factors and receptor tyrosine kinases, it may be active before the embryo's own genome is activated. Indeed, Fos transcripts are observed in the germinal vesicle oocytes and meiosis II stage oocytes [15] [16] [17] [18] , suggesting that maternal Fos mRNA may play a role in early embryonic development. FOS mRNA has a half-life of under 30 min in somatic cells [19, 20] . In mouse oocytes, transcription ceases in the germinal vesicle stage [21] and resumes only 9-10 h after fertilization [22] . How Fos mRNA can survive longer in the oocytes is unclear.
Here we analyze MEX3C mRNA and protein expression and propose that MEX3C 659AA is not the only protein expressed from this gene. We examine the function of the longest MEX3C isoform (MEX3C 659AA in human and MEX3C 652AA in mouse). Our data suggest that this isoform may function as an adaptor protein for XPO1-mediated mRNA nuclear export. It could function as an RNA-binding protein in oocytes to preserve maternal mRNA for later translation before activation of the embryo genome. And Fos is one of such mRNA targets for MEX3C 659/652AA .
MATERIALS AND METHODS

Plasmids
Constructs expressing C-terminal Flag-tagged (pFlag-659, EX-Y4407-M13) and mCherry-tagged (EX-Y4407-M56) human MEX3C 659AA were purchased from Geneocopoeia. The cDNA coding for mouse MEX3C 464AA (GenBank ID KC456339, differs in three residues with human MEX3C 464AA ) and mouse MEX3C
372AA (the C-terminal 372 amino acids of MEX3C 464AA , differs in two residues from human MEX3C 372AA ) were amplified from mouse testis cDNA with primers rkhd2F and rkhd2R and mex3c372F and rkhd2R, respectively. The DNA fragments were cloned into pCR2.1-TOPO (Invitrogen) to verify the sequence and were then released by BamHI-SalI digestion (BamH1 site was from the cloning vector for MEX3C372AA construct) and inserted into the BamHISalI sites of eukaryotic expression vector pRK5 modified to express a C-terminal Fla g-ta gged ( DYKDDDK) . The pF lag-4 64-NES ( expre ssing MEX3C
464AA þNES) was made by inserting an adaptor (formed by NES-F and NES-R) encoding 48 LLLRERLAALGL (the NES signal of MEX3C 659AA ) into the SalI site of the pFlag-464 (the MEX3C 464AA -expressing construct). To make a NES mutated MEX3C
659AA mutant, the BstBI-BsgI fragment of plasmid EX-Y4407-M13 was replaced with a synthesized BstBI-BsgI (sequence is presented in Supplemental Data, available online at www.biolreprod.org) where the cDNA sequence coding for NES ( 48 LRERLAALGL) was mutated to that coding for LRERAAAAGA (three of the four leucine residues were mutated to alanine). Constructs expressing the KH domain deleted MEX3C and the Cterminus truncated MEX3C are described in the Supplemental Data. All mutants were sequence verified and expressed a C-terminal Flag tag. See Table 1 for primer sequences.
Cell Culture and Transfection
HEK293 cells were cultured in DMEM with 10% fetal bovine serum. For DNA transfection, the cells were seeded in 24-well plates (1.25 3 10 5 cells/ well) or 10-cm dishes (2 3 10 6 cells/dish). For in situ hybridization, cells were seeded on coverslips coated with 1% gelatin. At 70% confluency (12-16 h after seeding), cells were transfected by addition of DNA: Fugene 6 (Roche) mixture. For cells in 24-well plates and 10-cm dishes, 0.5 and 5-8 lg plasmid DNA were used, respectively. The DNA:Fugene 6 ratio was 1:4. At 24-48 h after transfection, the cells were fixed for in situ hybridization or harvested for expression analysis.
Mex3c Gene Trap Mice
Mex3c gene trap mice have been described previously [4] . Mice were housed in the animal facility of Wake Forest University Health Sciences. Experiments were conducted in accordance with the SSR's specific guidelines and standards and with the National Research Council publication Guide for Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of Wake Forest University. Mice were kept in microisolator cages with 12L:12D cycles and were fed ad libitum. Genotyping was described previously [4] .
MEX3C Knockdown with Doxycycline-Inducible shRNA Constructs
Doxycycline-inducible shRNA constructs were purchased from GE Dharmacon. Clone VS_135328 targets nt 1685-1667 of NM_016626.4 in the coding region of MEX3C mRNA, and the noninducible clone has been validated by others [3] . The control clone RHS4743 expresses a ShRNA that does not target any known gene. Lentiviral vectors were produced in HEK293T cells through the cotransfection of shRNA construct DNA, the envelope plasmid pMD2.G, and the packaging plasmid psPAX2 at a ratio of 3:1:2 (total 18 lg DNA for a 10-cm dish). The DNA:Fugene 6 ratio was 1:3. Twenty-four hours after transfection, new DMEM medium was added for pseudovirus production; 72 h after transfection, the viral vector-containing supernatant was collected to transduce HEK293T cells in the presence of 8 lg/ml of polybrene. Then the cells were selected with 1 lg/ml of puromycin. The puromycinresistant cells were then cultured in medium containing 1 lg/ml of doxycycline to induce the shRNA and red fluorescence protein (RFP). All cells were RFP positive after doxycycline induction, confirming the integration of the lentiviral DNA and the inducibility of the ShRNA. The cells were induced for at least 72 h before any assay.
Total RNA Isolation
Human HEK293, U2-OS, and NK92mi RNA were isolated from their respective cell lines. Mouse tissue RNA was isolated from tissues of normal adult FVB/N mice. RNA was extracted with the PerfectPure RNA Kit (5 PRIME, Inc.) following the manufacturer's instructions. Contaminating genomic DNA was removed by column DNase I treatment during RNA isolation.
PCR Amplification
PCR was performed on an MJ Research PTC-200 Thermo Cycler. A touchdown PCR program was used to improve specificity: 948C for 4 min followed by two cycles of 948C for 30 sec, 688C for 30 sec, and 728C for 1 min. Then the annealing temperature was reduced by 28C every two cycles. At the annealing temperature of 548C, 25 cycles were performed. The PCR primers used are listed in Table 1 . The GC-RICH PCR System (Roche Applied Science) was used to amplify cDNA containing the 5 0 coding region of human and mouse MEX3C cDNA since it has a guanine-cytosine (GC) content of over 70%. The amplified DNA was resolved on a 2% agarose gel and stained with ethidium bromide for detection. To compare relative expression, the integrated density of each DNA band was determined by ImageJ software, and relative Mex3c expression of a tissue was calculated by the integrated density of Mex3c divided by that of Gapdh from the same tissue. DNA recovered from the gel was purified with the GENECLEAN III kit (MP Biomedicals, LLC) for sequencing or subcloning. LI ET AL.
DNA Sequencing
Purified PCR products were used for sequencing with the BigDye Terminator v3.1 Cycle Sequencing Kit (Life Technologies) following the manufacturer's instructions. The reaction was precipitated and dissolved in formamide before loading onto the ABI 7300 sequencing system. Splicing was defined by blasting the cDNA sequence against mouse Mex3c record BR000945.1 and human MEX3C record NG_015801.1.
RNA In Situ Hybridization
For in situ hybridization with cultured cells, HEK293 cells on coverslips were fixed in 4% paraformaldehyde/PBS, pH 7.4, at room temperature for 10 min, followed by treatment with 100% cold methanol for 10 min. The cells were then treated with 70% ethanol at room temperature for 10 min, followed by incubation in 1 M Tris pH 8.0 at room temperature for 5 min. Then cells were incubated with prehybridization solution made from DIG Easy Hyb Granules (Roche) at 428C for 30 min. Cells were then incubated with hybridization solution containing 20 ng/ml of 5 0 -labeled Alexa488-OligodT (30) or Alexa488-Luci (AGATGGATTCCAATTCAGCG, hybridize to firefly luciferase cDNA) for 1 h. After hybridization, the cells were washed each for 15 min in 43 saline-sodium citrate (SSC) at room temperature and in 23 SSC at 428C. If antibody staining was performed, the cells were incubated with anti-Flag antibody (1:2000, diluted in 23 SSC) or anti-MEX3C antibody (1:1000; Everest) to detect Flag-tagged MEX3C proteins. After washing three times with 23 SSC, the cells were stained with Alexa647 conjugated secondary antibodies. Cells were mounted in 4 0 ,6-diamidino-2-phenylindole (DAPI)-containing mounting medium and observed under an FV10i confocal microscope (Olympus Corporation). The laser intensity and sensitivity parameters for each channel were kept constant for all samples in the same experiment.
For in situ hybridization with ovary sections, ovaries were collected from breeding-age female mice, fixed in 4% paraformaldehyde/PBS (diethyl pyrocarbonate (DEPC) treated), and processed as described [23, 24] . An IsHyb In Situ Hybridization (ISH) Kit (# K2191020, BioChain) was used to perform in situ hybridization. Sense (GGACGGAGAACTGCTGGAGGAGGA) and antisense (TCCTCCTCCAGCAGTTCTCCGTCC) Oligos (both match 689-713 of NM_001039214.4) were labeled with digoxigenin at both the 5 0 and the 3 0 end. Hybridization was performed according to the kit's instructions. After hybridization, sections were counterstained with Nuclear Fast Red. X-gal staining of ovary sections was performed as described [4] .
Cytoplasmic and Nuclear RNA Isolation
Cytoplasmic and nuclear contents were fractionated from cell suspensions (about 2 3 10 6 cells) as described [25] . The mRNA in the cytoplasmic fraction was first precipitated by 2.53 volume of ethanol. Cytoplasmic, nuclear, and total cellular RNA were then isolated by the PerfectPure RNA Cultured Cell Kit (5 PRIME, Inc.). Possible genomic DNA contamination was eliminated by column DNase I digestion; 200 ng-1 lg RNA were used for cDNA synthesis with the High-Capacity cDNA Reverse Transcription Kit (Life Technologies).
Real-Time PCR
Real-time PCR was performed on a 7300 real-time PCR system (Life Technologies). GAPDH and RPL0 Taqman probes were used as internal controls. FOS and HLA-A Taqman probes were used to compare gene expression. Primers for 18S rRNA, MYC, and CYCLIN D1 are listed in Table 1 . Taqman and SYBR Green PCR Master Mix (Life Technologies) were used for real-time PCR. For SYBR Green PCR, a dissociation program was run after the PCR amplification, and the amplified product was analyzed by electrophoresis to verify the specificity of the amplification. Relative gene expression levels were calculated using the DDCT method [26] . Triplicate assays were performed for each sample. Results are presented as mean 6 SEM.
Cytoplasmic/nuclear ratios represent relative fold 6 SD normalized to mock-transfected empty vector or green fluorescent protein control, which was set to 1. Average values 6 SD were calculated for each set of triplicates. The expression of each gene in each fraction of each sample was expressed as fold of GAPDH and RPLP0. Since both internal controls gave similar results, only the data with GAPDH as the internal control are presented. After dividing cytoplasmic and nuclear values of each sample, the obtained cytoplasmic/ nuclear values 6 SD were normalized by setting the control cytoplasmic/ nuclear value to 1.
Western Blot Analysis
Four MEX3C antibodies were tested in the study. One MEX3C antibody was purchased from Origene (#TA306667, used at 1:500). Another rabbit MEX3C antibody was generated with a KHL-conjugated peptide corresponding to amino acids 525-543 of human MEX3C NP_057710 (DPSGNMKTQRRGSQPSTPR), with a cysteine added at the C-terminus to facilitate the coupling. Peptide synthesis and antibody generation were done with Proteintech Group Inc. Antibody was affinity purified with the peptide antigen coupled to beads as described previously [27] . The other two antibodies were generated in goat using the peptides CTPRLSPTFPESIEH (EB11536, corresponding to amino acids 541-554 of human MEX3C 659AA , used at 1:2500) and CDPPSTGNHVGLP (EB11537, corresponding to amino acids 563-574 of human MEX3C
659AA , used at 1:1000; Everest Biotech). Mouse tissues were collected from adult normal mice and Mex3c gene trap mice [4] . Tissues or cell lysates were lysed directly in 13 Laemmli buffer containing protease inhibitors (0.5 mM PMSF and 13 Complete Protease Inhibitor Cocktail; Roche) and phosphatase inhibitors (50 mM NaF, 1.5 mM Na 3 VO 3 ). In addition to MEX3C antibodies, the following antibodies were used: anti-Flag (Sigma; 1:2000) and antibeta actin (Sigma; 1:5000). Horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from Pierce. Chemiluminescent reagents (Pierce) were used to visualize the protein signals under the LAS-3000 system (Fujifilm).
Statistical Analysis
GraphPad Prism software was used for statistical analyses; t-tests were used to compare the averages of two groups. In cases of more than two groups or one factor, ANOVA was performed followed by Tukey or Bonferroni post hoc tests; P , 0.05 was regarded as statistically significant.
RESULTS
Multiple MEX3C Isoforms Are Predicted by Alternative Splicing or Alternative Transcription Initiation of the Gene
The human MEX3C gene produces mRNA species predicted to encode an MEX3C protein of 659 amino acids [1] . In most publications, MEX3C
659AA and its paralogs (e.g., mouse MEX3C 652AA ) were the only gene products considered [1, 3, 7, 13] . We found that human MEX3C gene generates multiple transcripts through alternative splicing or alternative transcription initiation (GenBank KC456343 and KC456344 by our own sequencing analysis and DB636643.1, HY128128, and BI460161 from database analysis) (Fig. 1A) . These are predicted to translate into MEX3C isoforms of varying lengths: the reported MEX3C 659AA and the new isoforms MEX3C 464AA (NCBI KC456343) and MEX3C 372AA (e.g., NCBI BI460161). Some transcripts (e.g., NCBI BI460161) were transcribed from a promoter 20 kb 5 0 to the currently known MEX3C promoter region. Alternative splicing or transcription initiation was also observed in mouse Mex3c gene (Fig. 1B) 659AA has a NES at its Nterminus.
The longest MEX3C isoforms (MEX3C 659AA and MEX3-C 652AA ) are believed to be responsible for the phenotypes caused by MEX3C/Mex3c knockdown in several studies [3, 7, 13] . We designed primers to examine the expression of transcripts for MEX3C
659AA/652AA . The forward primer (F1)
anneals with the start codon of MEX3C 659AA/652AA (see Fig. 1 for primer locations). Two reverse primers (R2 and R3) were designed for seminested PCR in case no products could be amplified after one round of amplification. Transcripts coding for MEX3C
659AA/652AA give rise to PCR products of 773 bp for human and 718 bp for mouse, whereas shorter PCR products will be from transcripts coding for shorter MEX3C isoforms due to alternative splicing or alternative transcription initiation. Transcripts coding for MEX3C 659AA/652AA were not detectable after the first PCR in any tissues or cell lines tested but were detected in some tissues or cell lines after the second round of PCR (Fig. 2B ). These primers could amplify all transcripts Mex3c gene (top row) sequence numbering is based on GenBank record BR000945. Splicing variants 1-6 and 9-11 were found by our sequencing analysis and submitted to GenBank with IDs KC456334-KC456342. Splicing 7 and 12 were from GenBank records CJ072395.1 and CJ180363; splicing 8 was from GenBank records BY751974.1, CJ154627, and CJ071688. Ms (muscle), Br (brain), Te (testis), Sp (spleen), and Mm (mammary gland) indicate the tissues where the transcript variant was observed. For A and B, locations of the stop codon (TAA) and three potential start codons (ATG) are listed, with numbers in parentheses indicating which MEX3C variant the start codon is for. Horizontal arrows indicate primers used in the study (sequences listed in Table 1 ). Solid lines, exons; dashed lines, introns, AUG and UAA indicate the start codon and the stop codon for each transcript. Predicted MEX3C protein is listed at the right of each transcript variant. The locations of the Taqman probe, in situ hybridization probe, and primers used for RT-PCR are indicated. The primers listed in the diagram are shared between human and mouse.
LI ET AL. coding for MEX3C
659AA/652AA but only part of the transcripts coding for shorter MEX3C isoforms; thus, their amplification products do not reflect total MEX3C/Mex3c expression. Indeed, when RT-PCR was performed with primers able to detect all mouse Mex3c transcripts (primers F3 and R2 in Fig. 1 ), Mex3c transcripts were detected in all mouse tissues tested after the first round of PCR, including brain, liver, kidney, bone, heart, skeletal muscle, testis, and ovary (Fig. 2C) . The relative Mex3c expression levels in mouse tissues detected by RT-PCR were similar to our X-Gal staining data in Mex3c gene trap mice [4] . These primers (able to amplify all human MEX3C transcript variants except for transcript variant 5 in Fig. 1A ) also detected MEX3C expression after the first PCR in human HEK293, U2-OS, and NK-92mi cells (data not shown). We chose HEK293 cells because most of our subsequent functional analyses were done in these cells. We chose U2-OS (a human osteosarcoma cell line) and NK-92mi cells because they are expected to have high MEX3C expression based on previous work [4, 13] . Our data showed that in both human and mouse tissues, the MEX3C/Mex3c gene is widely expressed. However, transcripts coding for the longest MEX3C isoform (MEX3C 659AA/652AA ) are not expressed in all cells.
We compared MEX3C expression in HEK293, U2-OS, and NK-92mi cells with the Taqman probe Hs00535127_s1, which recognizes transcripts for all MEX3C isoforms (see Fig. 1A for probe location). The relative expression of total MEX3C transcripts was 1, 1.5, and 5, respectively (average of two independent experiments). Thus, inability to detect transcripts coding for MEX3C 659AA in U2-OS cells was caused not by low expression of the MEX3C gene but by different splicing or transcription initiation. Database analysis did not find alternatively spliced transcripts from MEX3A, MEX3B, and MEX3D genes. . Shown are products of the second round of PCR. The long amplicon (indicated by arrows) was the product from cDNAs coding for MEX3C 659AA/652AA . The shorter amplicons were from alternatively spliced or initiated transcripts, which are predicted to encode shorter MEX3C proteins. The primers were F1 and R2 for the first PCR and F1 and R3 for the second PCR (see Fig. 1 for primer location). Major bands were verified to be specific products by sequencing. Some transcripts coding for shorter MEX3C forms could not be amplified by the primer pairs used in this experiment due to alternative splicing. C) Detection of Mex3c transcripts in mouse tissues with primers (F3 and R2) able to amplify all mouse Mex3c transcripts. Numbers indicate relative total Mex3c expression (with expression in the lung tissue set as 1) after normalized by Gapdh. This primer pair can also amplify all human MEX3C transcripts except for transcript 5 listed in Figure 1 . Mex3c and Gapdh PCR reactions were run for 35 cycles and 25 cycles, respectively. WAT, white adipose tissue. Shown are representative data from one of three experiments.
MEX3C IN MATERNAL Fos mRNA REGULATION
Existence of Multiple MEX3C Isoforms
We examined MEX3C protein expression in human cell lines and mouse tissues by Western blot. We first tested four different affinity-purified MEX3C antibodies, all of which recognized overexpressed MEX3C. The antibody EB11536 had low background but a strong specific signal to overexpressed MEX3C, so it was used in subsequent studies. Overexpressed MEX3C proteins appeared larger than expected, consistent with observations from other groups [3, 13] . In contrast to transfected C-terminal Flag-tagged MEX3C 659AA , which ran as one single band, transiently expressed C-terminal Flag-tagged MEX3C
464AA often ran as two bands (Fig. 3A , marked by asterisks). Since occasionally we detected only a single band near 64 kDa and storage of the samples will decrease the intensity of the larger 64-kDa band but increase the intensity of the smaller band, we reasoned that the smaller band could be the degraded product of the larger band near 64 kDa, or it could be dephosphorylated Flag-MEX3C 464AA since Buchet-Poyau et al. [1] observed that dephosphorylated MEX3C 659AA appeared smaller than the phosphorylated protein. In HEK293T cells, the antibody also recognized endogenous bands similar in size to exogenous expressed Flagtagged MEX3C 464AA (Fig. 3A , marked by arrows). These endogenous bands were less intense in HEK293 cells. Thus, we expressed MEX3C
464AA and MEX3C 659AA in HEK293 cells and ran the lysates side by side with untransfected HEK293T lysates; the endogenous bands in HEK293T cells were similar in size as transfected MEX3C
464AA bands from HEK293 cells ( Fig. 3B ; loading was adjusted to avoid overexposure of overexpressed proteins). We did not observe any endogenous bands similar in size to overexpressed MEX3C 659AA in these cells.
To further confirm that the bands observed in nontransfected HEK293T cells were specific to MEX3C, we used doxycycline-inducible MEX3C shRNA VS_135328 (the noninducible version validated by others [3] ) to inhibit MEX3C expression. Western blot found that the 64-kDa band and the smaller bands were all reduced in MEX3C ShRNA lentivirusinfected cells (Fig. 3C) . In these experiments, the 64-kDa band was even more unstable, and the smaller bands were the major bands visible. We were unclear whether this result was related to the addition of doxycycline in the medium to induce ShRNA expression. 
659AA were readily detectable in NK92mi cells, we examined MEX3C expression in this cell line. Again, we detected a strong band around 64 kDa and a weaker band with smaller size (Fig. 3D) . We did not see a band at the expected position for MEX3C 659AA (between 82 and 115 kDa). Thus, we believe that the bands in nontransfected cells might be endogenous MEX3C. Since overexpressed MEX3C
659AA is stable and does not readily degrade to generate smaller fragments, we believe that the band around 64 kDa observed in different cells is most likely endogenous MEX3C 464AA rather than the degraded fragment from MEX3C 659AA . We further examined MEX3C proteins in mouse tissues. We lysed the tissues directly in 13 Laemmli buffer with protease inhibitors to reduce the possibility of protein degradation. MEX3C antibody recognized a band of around 82 kDa in lysates from mouse cerebral cortex and the ovary (Fig. 3E) . In the testis, uterus, and ovary, a band around 64 kDa was also observed. The 82-kDa protein was relatively stable, whereas the 64-kDa protein was unstable and readily degraded into smaller fragments on sample storage (a feature similar to overexpressed MEX3C 464AA ). Similar data were obtained with our custom-generated MEX3C antibody, and including the peptide used to generate the antibody in the Western blotting (WB) significantly attenuated the signals from all bands, including the 82-kDa band (data not shown). Consistent with our RNA expression data [4] , the kidney and the spleen had very low MEX3C protein signals. Although other possibilities remain open, the 82-kDa bands could be MEX3C
652AA since we and others found that transiently expressed MEX3C 659AA appeared larger than the predicted molecular weight of 69.6 kDa [3, 13] . The 64-kDa bands could be MEX3C 464AA (predicted molecular weight 49.9 kDa). Further work is needed to resolve the identity of the proteins expressed in different tissues. In the testis, ovary, and uterus, the 64-kDa band was the major protein product. In the cerebral cortex, bands larger than 64 kDa were the major products. Since WB did not detect proteins larger than 64 kDa in some tissues, the WB data agreed with the RT-PCR data that MEX3C 659AA/652AA has relatively narrow tissue expression.
MEX3C
659AA Increases Expression of Cytoplasmic Poly(A) þ
RNA
The longest MEX3C isoform (MEX3C 659AA ) shuttles between the nucleus and the cytoplasm and is able to bind poly(A) þ mRNA [1] , but the physiological function of the shuttling is unknown. Although Cano et al. [13] reported that MEX3C 659AA enhances the degradation of HLA mRNA, their siRNA experiments were done in HEK293 cells, and it remains unknown whether MEX3C 659AA is the major MEX3C gene product in this cell line (see our data in Fig. 3) . Thus, the function of the longest MEX3C isoform MEX3C 659AA is still uncertain. Since MEX3C 659AA has KH RNA-binding domains-the leucine-rich NES and the nuclear leading sequence (NLS)-we wondered whether MEX3C 659AA could be involved in mRNA nuclear export. We examined the effects of MEX3C 659AA on cellular distribution of poly(A) þ RNA using Alexa488-OligodT fluorescent in situ hybridization (FISH). Whereas control cells (transfected with vector DNA) showed similar OligodT hybridization signal in all cells (Fig. 4A, upper  left) , a subpopulation of cells showed a significantly increased cytoplasmic OligodT hybridization signal in MEX3C 659AA -expressing pFlag-659-transfected cells (Fig. 4A, upper right) . Since these cells were not stained with any other fluorescent dyes, the increased signal could only be the result of hybridizing to more Alexa488-OligodT.
Treating pFlag-659 DNA-transfected cells with RNase A and RNase T1 before hybridization significantly decreased the hybridization signal, although some cells still showed slightly stronger signals than other cells (Fig. 4A, bottom left) . There are two possibilities to explain this observation: mRNAs bound by RNA-binding proteins could be more resistant to RNase degradation, or MEX3C may directly bind the OligodT probe. To test the latter possibility, we hybridized cells transfected with pFlag-659 DNA with an Alexa488-Oligo probe specific to firefly luciferase cDNA (Oligo-luci). No fluorescence of the probe was observed (Fig. 4A, bottom right) . Thus, increased OligodT signal was not from direct binding of the probe by MEX3C 659AA . After hybridization, the cells were immunostained by antiFlag antibody (MEX3C 659AA is Flag tagged) or by anti-MEX3C antibody. Of over 300 cells from seven independent experiments observed, 100% of the cells with increased cytoplasmic poly(A) þ RNA were MEX3C 659AA positive (Fig.  4B, second row) , and the strong cytoplasmic hybridization signal could not be explained by bleed-through from the MEX3C channel since this was also observed in hybridized cells without MEX3C immunostaining (Fig. 4A, upper right) . The minimal bleed from the MEX3C channel did not explain the strong cytoplasmic signal (Fig. 4B, bottom) . In addition, overexpressing MEX3C
464AA , which lacks MEX3C 659AA Nterminal 195 AA, including the NES sequence, but preserves the NLS sequence and two KH RNA-binding domains, did not significantly increase cytoplasmic poly(A) þ RNA (Fig. 4B , third row). Western blot confirmed that MEX3C 464AA was efficiently expressed (Fig. 4C) .
Overexpression of MEX3C
464AA
-NES Also Increased Cytoplasmic Poly(A) þ RNA Two nonmutually exclusive mechanisms could contribute to this observation: increased mRNA nuclear export and increased mRNA stability. Although increased mRNA nuclear export per se does not increase total mRNA, it could decrease nuclear RNA retention and degradation, and the end result could be increased cytoplasmic mRNA. Since MEX3C 659AA but not MEX3C 464AA has the leucine-rich NES signal (LLLRERLAALGL), which mediates nuclear export through interacting with leptomycin B-sensitive nuclear export receptor XPO1 [28, 29] , we tested whether MEX3C
659AA is involved in XPO1-mediated mRNA nuclear export. We first tested whether addition of the leucine-rich NES signal of MEX3C
659AA to the C-termini of MEX3C 464AA (MEX3C 464AA -NES) could confer similar cytoplasmic mRNA enrichment activity to MEX3-C 464AA . Unlike MEX3C 464AA , which locates in both the nucleus and the cytoplasm (Fig. 5A, top row) , MEX3C
464AA -NES was exclusively cytoplasmic (Fig. 5A, middle row) , suggesting that the NES was functional. On leptomycin B (LMB; blocking XPO1-mediated nuclear export) treatment, MEX3C
464AA -NES was visible in the nucleus in 80% of MEX3C 464AA -NES-positive cells (Fig. 5A , bottom row), suggesting that some MEX3C
464AA -NES protein shuttles between the nucleus and the cytoplasm. Flag-MEX3C
464AA -NES could still be observed in the cytoplasm in the presence of LMB, which could be explained by 1) only some Flag-MEX3C
464AA -NES proteins shuttle between the nucleus and the cytoplasm, and the rest are involved in cytoplasmic events, MEX3C IN MATERNAL Fos mRNA REGULATION and 2) in our experimental conditions, the LMB might not completely inhibit nuclear export. As observed with MEX3-C 659AA , transfecting HEK293 cells with MEX3C 464AA -NESexpressing DNA (pFlag-464-NES) also increased cytoplasmic Oligo-dT hybridization signal in some cells (Fig. 5B , cells without immunostaining for MEX3C). We immunostained MEX3C
464AA -NES-positive cells by anti-Flag (MEX3C 464AA -NES is also Flag-tagged) or anti-MEX3C antibody after FISH, and all cells with increased Oligo-dT hybridization signal were MEX3C 464AA -NES positive. Again, MEX3C 464AA had little effect on cytoplasmic polyA þ RNA (Fig. 5C ). These data suggest that the NES contributes to MEX3CA 659AA 's ability to increase cytoplasmic RNA, and that RNA nuclear export could be involved. 
RNA
To test the role of RNA-binding domains in increasing cytoplasmic RNA, we made a deletion-mutant MEX3-C 659AA DKH, which lacks the two KH RNA-binding domains. MEX3C 659AA DKH was found mainly in the cytoplasm but was primarily nuclear when the cells were treated with LMB (Fig.  6A) , suggesting that it retained the capability of shuttling between the nucleus and the cytoplasm. In FISH experiments, MEX3C
659AA DKH no longer specifically increased cytoplasmic mRNA accumulation (Fig. 6B) 659AA DC was mainly cytoplasmic but became mainly nuclear after LMB treatment (Fig. 6C) Fos mRNA REGULATION 6D ). The data showed that the ubiquitin E3 ligase activity of MEX3C proteins is not necessary for MEX3C 659AA 's ability to accumulate cytoplasmic poly(A) þ mRNA.
MEX3C IN MATERNAL
MEX3C
659AA Regulates FOS mRNA Expression
Bulk mRNA export is mediated by NXF1 [30] [31] [32] , and LMB-sensitive XPO1 is involved in the nuclear export of a subset of mRNA species. To search for possible MEX3C
659AA RNA targets, we tested known RNA molecules whose nuclear export is mediated by XPO1 and sensitive to LMB. Based on our FISH data, MEX3C
659AA should increase the expression of its cargo mRNAs should it be involved in the nuclear export of these mRNA species. The mRNA export of Cyclin D1 is LMB sensitive [33] . However, Cyclin D1 was slightly decreased by MEX3C 659AA overexpression (Fig. 7A) , and MEX3C 659AA overexpression decreased the cytoplasmic versus nuclear ratio of Cyclin D1 RNA by 65%. The rRNA nuclear export is mediated by XPO1 [34] . However, overexpressing MEX3-C 659AA did not change total 18S rRNA expression (Fig. 7A ). In addition, it decreased the cytoplasmic and nuclear ratio of 18S rRNA by 75%. This most likely resulted from MEX3C 659AA competing for XPO1, which also mediates 40S and 60S ribosome export [34] . It was reported that MEX3C 659AA promotes the degradation of human HLA-A mRNA [13] , and we found that MEX3C 659AA overexpression slightly decreased HLA (Fig. 7A) . These data suggest that these mRNAs are unlikely MEX3C cargoes if MEX3C 659AA is involved in mRNA nuclear export.
XPO1 is involved in FOS mRNA nuclear export, which is LMB sensitive [35] . We tested whether MEX3C 659AA could increase FOS mRNA expression. Basal levels of FOS transcripts were detectable in unstimulated HEK293 cells. Overexpressing MEX3C
659AA increased total FOS mRNA 7-fold (P , 0.0001, compared with control cells), while MEX3C 464AA marginally increased total FOS mRNA 1-fold (P , 0.05, compared with control cells) (Fig. 7B) , although transfected MEX3C
464AA was efficiently expressed in HEK293 cells (Fig. 4C) . The effect of MEX3C 659AA on FOS mRNA expression suggests that FOS mRNA could be a MEX3C target.
We further checked the involvement of MEX3C 659AA in FOS mRNA nuclear export by treating the cells with LMB to inhibit XPO1-mediated mRNA export. LMB treatment did not change MEX3C
659AA expression level but significantly decreased FOS mRNA upregulation in MEX3C 659AA -expressing HEK293 cells from 8-fold to 4-fold ( Fig. 7C ; P , 0.0001), suggesting that nuclear export accounts for part of MEX3-C 659AA 's effects on FOS expression. The involvement of nuclear shuttling in activity of MEX3C 659AA was further tested by mutating the three leucine residues of the MEX3C 659AA NES sequence (leucine 52, 55, and 57) to three alanine residues (MEX3C 659AA -mNES). Unlike MEX3C 659AA , which is mainly cytoplasmic, MEX3C 659AA -mNES locates in both the cytoplasm and the nucleus in HEK293 cells (Fig. 7D) . Similarly, MEX3C
659AA -mNES had less activity in enhancing FOS expression than MEX3C 659AA (Fig. 7C) . However, FOS mRNA expression was still significantly higher than in empty vector-transfected cells. Although MEX3C
464AA only marginally increased FOS mRNA expression, MEX3C
464AA -NES did so to a greater degree (Fig. 7E) . Although LMB had little effect on MEX3C
464AA -NES expression level, it significantly attenuated its activity on FOS mRNA expression.
We further examined the effects of MEX3C overexpression on cytoplasmic and nuclear FOS mRNA. Although MEX3-C 464AA can be observed in both the nucleus and the cytoplasm, it increased mainly nuclear FOS mRNA (Fig. 7F) . MEX3-C 659AA significantly increased both nuclear FOS mRNA and cytoplasmic FOS mRNA. Addition of NES to MEX3C 464AA (MEX3C 464AA -NES) also increased both the nuclear and cytoplasmic FOS mRNA. Thus, the capability of MEX3C 659AA and MEX3C
464AA -NES to greatly increase total FOS expression compared with MEX3C
464AA is explained mainly by 659AA increased FOS mRNA in HEK293 cells more than MEX3C 464AA did. C) LMB treatment and NES mutation attenuated FOS upregulation by MEX3C 659AA . D) MEX3C 659AA -mNES located in both the nucleus and the cytoplasm. E) Addition of NES sequences to MEX3C 464AA increased FOS upregulation, which was attenuated by LMB treatment. F) Different effects of MEX3C isoforms on the expression of nuclear and cytoplasmic FOS mRNA. Nuclear and cytoplasmic RNA were isolated and analyzed by quantitative RT-PCR. G) Overexpressed MEX3C
659AA increased FOS mRNA stability. Transcription was inhibited by addition of 50 lg/ml of 5,6-dichloro-1-beta-Dribofuranosylbenzimidazole. Shown are means 6 SEM of three to five independent transfection experiments. ns, not significant; *, **, *** indicate P , 0.05, P , 0.01, and P , 0.0001 by t-tests (A) and Tukey posttest after ANOVA (B, C, E, F). Con ¼ control cells transfected with vector DNA. In C and E, Western blot showed that LMB had little effect on MEX3C expression. 659AA -expressing DNA, and RNA transcription was inhibited 24 h after transfection through addition of 50 lg/ml of the RNA polymerase II inhibitor 5,6-dichloro-1-beta-Dribofuranosylbenzimidazole [36] . Then FOS expression was analyzed at 0, 15, 30, and 60 min after transcription inhibition to check whether MEX3C 464AA and MEX3C 659AA increased FOS mRNA expression through affecting FOS mRNA stability. MEX3C
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464AA only slightly increased the half-life of FOS mRNA. However, MEX3C
659AA greatly increased the half-life of FOS mRNA (Fig. 7G) . In MEX3C
659AA -transfected cells, FOS mRNA showed little decrease between 15 and 60 min after transcription inhibition. Since in transient transfection only part of the cells expressed MEX3C 659AA , we reasoned that the decreased FOS mRNA observed in the first 15 min after transcription inhibition was mainly from MEX3C 659AA -negative cells. At later time points, additional decreases in FOS mRNA in MEX3C
659AA -negative cells would be difficult to detect since most of the FOS mRNA detected were from MEX3C 659AA -positive cells, which showed little decrease in the presence of MEX3C 659AA .
Mex3c Gene Is Highly Expressed in the Ovary
The observation that MEX3C 659AA increased FOS mRNA nuclear export and stability prompted us to ask whether this longest MEX3C isoform could be involved in the regulation of maternal FOS mRNA in the oocyte. Since Mex3c transcripts for MEX3C 652AA and shorter isoforms were readily detected by RT-PCR in the ovary (Fig. 2B ) and we observed bands larger than 64 kDa in the ovary on Western blot, we used our recently described Mex3c gene trap mice, where the expression of lacZ gene is controlled by the endogenous Mex3c promoter [4] , to examine the cell types expressing Mex3c in the ovary.
Since the gene trap vector was inserted in the constitutive intron in the Mex3c gene trap mouse, b-galactosidase (the protein encoded by LacZ gene) activity should reflect the expression of total Mex3c transcripts [4] . After staining the ovary sections from Mex3c þ/trap mice with X-Gal for bgalactosidase activity, we observed strong staining in the granulosa cells of developing follicles (Fig. 8) . Interestingly, we also observed an intensely stained dot in many oocytes (Fig. 8C) . These dots were observed in X-Gal-stained ovary sections from Mex3c þ/trap mice but not from Mex3c þ/þ mice, suggesting that they were specific signals. They were observed in oocytes of primary, growing, and antral follicles. We are unaware why the staining appeared as a dot in the oocytes of our gene trap mice in contrast to ubiquitous staining as in granulosa cells and in the oocytes of ROSA26 lacZ reporter mice [37] . Since the gene trap vector was inserted in the constitutive intron in the Mex3c gene trap mouse [4] , two MEX3C/b-geo (b-geo is a fusion of b-galactosidase and neomycin transferase) fusion proteins could be predicted from the trapped allele due to alternative splicing of the gene-trapped allele [4] ). We wonder whether the addition of the MEX3C sequences to the b-geo caused this difference. The presence of b-gal activity in the granulosa cells and the oocytes demonstrates that the Mex3c promoter is active in these cells. However, it could not tell which splicing versions are expressed. Indeed, expression of all Mex3c transcript variants listed in Figure 1 can cause positive b-gal staining. Thus, data in Figure 8 show that Mex3c gene is expressed in both the granulosa cells and the oocytes, although the specific transcript variants expressed remain unknown.
Transcripts for MEX3C
652AA Are Specifically Expressed in the Oocytes in the Ovary
Since MEX3C
659AA showed strong activity in FOS mRNA nuclear export and stability, we wondered whether its mouse counterpart MEX3C
652AA is expressed in oocytes. Our antibodies were able to recognize MEX3C 652AA and shorter MEX3C isoforms; thus, we used in situ hybridization to examine the expression of transcripts coding for MEX3C 652AA in mouse ovary. A digoxigenin-labeled antisense probe matching Mex3c mRNA nt 689-713 (numbering based on NM_001039214.4; see Fig. 1 for probe position) was designed for this purpose. This probe is expected to hybridize to all transcripts for MEX3C 652AA but not to transcripts coding for shorter MEX3C isoforms. We found that the antisense probe specifically labeled all oocytes except for those of the primary follicles (Fig. 9, purple color) . The sense probe did not label any cells, confirming the specificity of the signal. Comparing in situ hybridization data and X-Gal staining data, it became evident that total Mex3c transcripts were expressed in granulosa cells and oocytes regardless of developing stage (Fig. 8) ; however, Mex3c transcripts for MEX3C 652AA were specifically expressed in the developing oocytes but not in granulosa cells or in oocytes of primary follicles (Fig. 9) . The localization of signals between X-Gal staining (Fig. 8 ) and in situ hybridization (Fig. 9 ) are different because they detected different parameters: b-gal activity (Fig. 8, reflecting expression of all Mex3c variants) and RNA specifically coding for MEX3C 652AA (Fig. 9 ). Note that in Figure 8 , the localization of b-geo is irrelevant to Mex3c RNA localization. The specific expression of transcripts for MEX3C 652AA in the oocytes but not the granulosa cells provides the anatomic basis for MEX3C 652AA to regulate Fos mRNA in the oocytes. On the other hand, the negative detection of RNA for MEX3C 652AA in the granulosa cells suggests that the Mex3c transcripts expressed in these cells code for shorter MEX3C variants 372AA are also expressed in the oocytes.
DISCUSSION
We observed transcripts from the human MEX3C gene generated by alternative splicing or transcription initiation. These transcripts are predicted to generate the previously reported MEX3C
659AA [1] and novel isoforms MEX3C 464AA and MEX3C 372AA . Transcripts for these isoforms were observed in multiple tissues. Consistently, a MEX3C antibody recognized proteins of different sizes in mouse tissues. Our data suggest that the MEX3C gene indeed generates more than one protein. Our data also suggest that MEX3C
464AA could be the predominant gene product in some cell types and tissues. These findings are important for us to understand the function of MEX3C gene, which has been implicated in many processes. In the literature, several studies have used SiRNA and ShRNA to knock down MEX3C expression, and the effects were attributed to MEX3C 659AA [3, 13] , the protein believed by many to be the only gene product of the MEX3C gene. Our data suggest that some functions originally attributed to MEX3-C 659AA may actually come from shorter MEX3C isoforms since we found that transcripts coding for MEX3C
659AA have relatively narrow tissue expression.
Our data show that MEX3C 659AA functions at different levels in mRNA regulation. First, MEX3C
659AA could be involved in XPO1-mediated FOS mRNA nuclear export. This is supported by the following observations: 1) overexpressing MEX3C 659AA but not MEX3C 464AA increased cytoplasmic poly(A) þ mRNA, 2) blocking nuclear export by LMB or mutating NES attenuated MEX3C 659AA 's activity on FOS mRNA upregulation, 3) addition of NES to MEX3C 464AA allowed it to increase cytoplasmic poly(A) þ mRNA, and 4) LMB treatment attenuated MEX3C
464AA -NES's activity on FOS mRNA upregulation.
Second, overexpressed MEX3C 659AA increased FOS mRNA stability independent of its activity as an mRNA nuclear export adaptor. This is demonstrated by the observations that MEX3C 659AA still significantly upregulated FOS expression in the presence of LMB or after mutating its NES. There are two possible explanations for the increased FOS stability: 1) MEX3C
659AA may function to protect FOS mRNA, or 2) overexpressed MEX3C 659AA may interfere with endogenous MEX3C's FOS mRNA degradation activity. Since we could not find a cell line with strong endogenous MEX3C 659AA expression, we are unable to distinguish the two possibilities at the moment. Although the second possibility is consistent with the previous observation that MEX3C interacts with Argonaute 1 and 2 [1] , proteins involved in mRNA survey, it is difficult to explain why overexpressed MEX3C
659AA increased FOS expression but slightly decreased HLA-A2 and CYCLIN D2 expression in HEK293 cells. In addition, MEX3C
659AA increased both nuclear and cytoplasmic FOS mRNA, while the Argonautemediated mRNA survey is mainly a cytoplasmic process [38] . More work is needed to learn how MEX3C 659AA regulated FOS mRNA stability. Searching for MEX3C-interacting proteins may help to answer these questions. We found that the Ring finger domain was not needed for MEX3C
659AA to increase cytoplasmic poly(A) þ RNA, in contrast to Cano et al.'s [13] finding that the this domain is necessary for MEX3C proteins to enhance HLA mRNA degradation. Thus, different mechanisms are involved in MEX3C's regulation of FOS and HLA mRNA.
The activity of MEX3C 659AA on FOS mRNA nuclear export and stability and the specific expression of transcripts for MEX3C 652AA in mouse oocytes make MEX3C 659AA/652AA a good candidate in the oocytes to preserve maternal FOS mRNA. This could explain why FOS mRNA is stable in oocytes [15] [16] [17] [18] but unstable in somatic cells [19, 20] . This activity of MEX3C 659AA is reminiscent of that in Caenorhabditis elegans MEX-3, which functions in the fertilized eggs to inhibit the translation of pal-1 mRNA [39] . Cano et al. [13] also found that MEX3C 659AA inhibits mRNA translation. We did not examine the effects of MEX3C 659AA on FOS mRNA translation. It remains possible that MEX3C 659AA stabilizes FOS mRNA but at the same time inhibits its translation until FOS protein is needed after fertilization during early embryonic stages. More work is needed to test this possibility.
In summary, here we show that MEX3C gene generates transcripts predicted to produce MEX3C variants that may have distinct functions. The longest variant, MEX3C 659AA , may function as an adaptor protein for XPO1-mediated mRNA nuclear export and one cargo mRNA is FOS. In addition, MEX3C
659AA increases FOS mRNA stability through nuclear export-independent mechanisms. In the ovary, transcripts for MEX3C 652AA were specifically expressed in developing oocytes. Our data suggest that MEX3C 659AA/652AA is a good candidate for RNA-binding protein to protect maternal FOS mRNA in the oocytes.
